1. Introduction {#sec1-nutrients-11-02092}
===============

Cardiovascular disease is the primary cause of morbidity and mortality in the world, accounting for nearly one-third of all deaths \[[@B1-nutrients-11-02092]\]. Aside from its profound effect on the quality and duration of life, cardiovascular disease imposes a severe and costly demand on health services and is expected to surpass the medical cost for all chronic diseases \[[@B2-nutrients-11-02092]\]. Although the age-adjusted mortality rate for cardiovascular disease has diminished in industrialized countries owing to life-style changes, smoking cessation, advances in biomedical research, and improvements in medical care and technologies, the aging population and burgeoning epidemic of cardiometabolic disease characterized by obesity, insulin resistance, dyslipidemia, impaired glucose tolerance, and hypertension, threatens to reverse this progress, underscoring the requirement for additional therapeutic options that target this deadly disease.

Substantial evidence indicate that amino acids play a fundamental role in the cardiovascular system. While amino acids serve as basic building blocks for protein synthesis and constitute an important energy source, a select group has been widely studied in the context of cardiovascular disease. Decades of research have established the importance of [l]{.smallcaps}-arginine in promoting cardiovascular health through the generation of the gas nitric oxide (NO) by the enzyme NO synthase (NOS) \[[@B3-nutrients-11-02092],[@B4-nutrients-11-02092],[@B5-nutrients-11-02092]\]. The release of NO by endothelial cells (ECs) regulates blood flow and blood pressure by inhibiting arterial tone. Furthermore, NO maintains blood fluidity and prevents thrombosis by limiting platelet aggregation and adhesion. NO also protects against intimal thickening by blocking smooth muscle cell (SMC) proliferation, migration, and collagen synthesis. Moreover, NO mitigates the development of atherosclerosis by blocking the inflammatory response within the vessel wall. Interestingly, [l]{.smallcaps}-homoarginine, a derivative of [l]{.smallcaps}-arginine, also elicits beneficial effects in the circulation. Clinical studies indicate that low circulating levels of [l]{.smallcaps}-homoarginine independently predicts mortality from cardiovascular disease while high levels are associated with reduced mortality. The mechanism mediating the protection by [l]{.smallcaps}-homoarginine is not known but likely involves its capacity to stimulate NO formation by serving as a substrate for NOS. Contrarily, extensive work has identified [l]{.smallcaps}-homocysteine, a sulfur containing amino acid formed from the metabolism of [l]{.smallcaps}-methionine, as an independent risk factor for atherosclerosis \[[@B6-nutrients-11-02092]\]. The atherogenic action of [l]{.smallcaps}-homocysteine has been attributed, in part, to its ability to impair the bioavailability of NO. Studies in the past decade have also revealed the complex and contradictory actions of [l]{.smallcaps}-tryptophan and its myriad of metabolites in regulating cardiovascular function \[[@B7-nutrients-11-02092]\]. Finally, although the role of [l]{.smallcaps}-glutamine (Gln) in nutrition and health have been extensively documented, its effects on the cardiovascular system have just recently come to light \[[@B8-nutrients-11-02092],[@B9-nutrients-11-02092],[@B10-nutrients-11-02092],[@B11-nutrients-11-02092]\]. In this review, we describe the metabolism and function of Gln in cardiovascular physiology and pathology and highlight potential therapeutic approaches that target this amino acid in cardiovascular disease.

2. [l]{.smallcaps}-Glutamine Metabolism {#sec2-nutrients-11-02092}
=======================================

Gln is the most abundant and versatile amino acid in the body and plays a critical role in nitrogen exchange between organs, intermediary metabolism, immunity, and pH homeostasis \[[@B9-nutrients-11-02092],[@B10-nutrients-11-02092],[@B11-nutrients-11-02092]\]. This nutrient is classified as a conditionally essential amino acid, as endogenous synthesis may be insufficient to meet optimal demands under conditions of catabolic stress, critical illness, and in preterm infants. Gln is an important substrate for the synthesis of peptides, proteins, lipids, purines, pyrimidines, amino sugars, nicotinamide adenine dinucleotide phosphate (NADPH), glucosamine, antioxidants, and for many other biosynthetic pathways involved in regulating cell function ([Figure 1](#nutrients-11-02092-f001){ref-type="fig"}). Several enzymes are involved in Gln metabolism. Gln is predominantly synthesized from [l]{.smallcaps}-glutamate (Glu) and ammonia (NH~3~) by the action of the largely cytosolic enzyme Gln synthetase (GS), whereas the mitochondrial enzyme glutaminase (GLS) is responsible for the hydrolysis of Gln to Glu and NH~3~. GS is highly expressed in skeletal muscle, while GLS is found in most cells with the small intestine, kidney, leukocytes, and vascular endothelium possessing the highest activity. There are two distinct isoforms of GLS, GLS1 and GLS2, but GLS1 is the major isoform expressed in cardiovascular tissues \[[@B12-nutrients-11-02092],[@B13-nutrients-11-02092],[@B14-nutrients-11-02092]\]. Gln is also metabolized by glutamine:fructose-6-phosphate amidotransferase (GFAT), which condenses Gln's amino group and fructose-6-phosphate into glucosamine-6-phosphate, a precursor for N- and O-linked glycosylation reactions \[[@B10-nutrients-11-02092]\].

The GLS product Glu is used for the synthesis of the antioxidant glutathione: a small three amino acid peptide (Glu-Cys-Gly) which is an efficient neutralizer of peroxide-based free radicals. Alternatively, Glu is further metabolized by Glu dehydrogenase and/or aminotransferases to α-ketoglutarate, which then enters the Krebs cycle generating ATP and serving as an anaplerotic source of carbon for the formation of non-essential amino acids and lipids. In addition, the production of NADPH by malate-pyruvate cycling promotes redox homeostasis by providing the reducing equivalents for glutathione reductase to regenerate glutathione. Finally, in the intestine, enterocytes convert Glu to delta1-pyrroline-5-carboxylate enabling the formation of [l]{.smallcaps}-proline, [l]{.smallcaps}-ornithine, and [l]{.smallcaps}-citrulline. By generating [l]{.smallcaps}-citrulline, which is subsequently metabolized to the NOS substrate [l]{.smallcaps}-arginine by the concerted action of argininosuccinate synthetase and argininosuccinate lyase in the kidney, Gln also functions as an [l]{.smallcaps}-arginine precursor to drive NO synthesis \[[@B15-nutrients-11-02092]\].

3. [l]{.smallcaps}-Glutamine and Cardiometabolic Disease {#sec3-nutrients-11-02092}
========================================================

Cardiometabolic disease is a constellation of metabolic dysfunctions characterized by insulin resistance, impaired glucose tolerance, dyslipidemia, hypertension, and central adiposity. The prevalence of this disease is high and increasing, currently impacting approximately 25% of the adult population in the United States \[[@B16-nutrients-11-02092]\]. Individuals with cardiometabolic disease are prone to develop diabetes and future cardiovascular events. Indeed, patients with cardiometabolic disease are two times more likely to die from coronary heart disease and three times more likely to have heart attacks and stroke \[[@B17-nutrients-11-02092],[@B18-nutrients-11-02092]\]. The pathogenesis of this complex disease is not known but may be related to disturbances in Gln metabolism. A seminal report by Cheng et al. \[[@B19-nutrients-11-02092]\] investigated possible pathways underlying cardiometabolic disease by high-throughput metabolic profiling of two large, well-characterized, community-based cohorts (the Framingham Heart Study and the Malmo Diet and Cancer Study). They found that plasma Gln or the Gln:Glu ratio is inversely associated with body mass index, blood pressure, circulating triglycerides and insulin, and positively associated with high density lipoproteins, while plasma Glu levels, alongside branched-chain and other hydrophobic amino acids, are associated with adverse metabolic parameters. Moreover, they describe for the first time that a high Gln:Glu ratio is associated with a lower risk of incident diabetes mellitus, which was subsequently confirmed in a meta-analysis of 46 clinical studies \[[@B20-nutrients-11-02092]\]. This study also expanded previous clinical and experimental studies showing that a reduced Gln:Glu ratio is associated with insulin resistant-traits in obese humans and rodents \[[@B21-nutrients-11-02092],[@B22-nutrients-11-02092],[@B23-nutrients-11-02092]\]. A similar inverse association between the serum Gln and established cardiometabolic risk factors is noted in Chinese and Mediterranean populations \[[@B24-nutrients-11-02092],[@B25-nutrients-11-02092],[@B26-nutrients-11-02092]\]. In addition, a recent longitudinal study found that Glu is associated with decreases in insulin secretion and sensitivity, as well as incident type 2 diabetes in a large population of Finnish men \[[@B27-nutrients-11-02092]\].

Aside from serving as a biomarker for cardiometabolic disease, the Gln-cycling pathway may be an effector of metabolic risk. Acute oral administration of Gln improves glucose tolerance in subjects with or without diabetes, while chronic dietary supplementation of Gln for 6 weeks reduces systolic blood pressure, fasting blood glucose, and improves body composition in patients with type 2 diabetes \[[@B28-nutrients-11-02092],[@B29-nutrients-11-02092]\]. In addition, Gln administration decreases glycemia in adolescents with type 1 diabetes and in patients undergoing myocardial revascularization \[[@B30-nutrients-11-02092],[@B31-nutrients-11-02092]\]. Parenteral administration of Gln also prevents the decrease in insulin sensitivity in multiple-trauma patients \[[@B32-nutrients-11-02092]\]. Furthermore, Gln, but not Glu, supplementation enhances glucose tolerance and lowers mean arterial blood pressure in mice \[[@B19-nutrients-11-02092]\]. Notably, these improvements by Gln are associated with a decline in plasma branched-chain and aromatic amino acids, which have been implicated in insulin-resistance \[[@B21-nutrients-11-02092]\]. Beneficial effects of Gln supplementation on some cardiovascular risk factors have also been reported in animals exposed to exercise or a high-fat diet \[[@B33-nutrients-11-02092],[@B34-nutrients-11-02092],[@B35-nutrients-11-02092]\].

A number of mechanisms may mediate the beneficial effects of Gln on cardiometabolic risk, including augmented release of glucagon-like peptide 1, externalization of glucose transporters, stimulation of insulin release by pancreatic β-cells, transcription of insulin-dependent genes, and enhanced insulin disposition \[[@B28-nutrients-11-02092],[@B32-nutrients-11-02092],[@B36-nutrients-11-02092]\]. In addition, the drop in blood pressure by Gln may be due to a rise in NO production secondary to an increase in [l]{.smallcaps}-arginine synthesis \[[@B15-nutrients-11-02092]\]. Surprisingly, a cross-sectional epidemiological study detected an association of dietary Glu intake with lower blood pressure, but the effect of Glu on endogenous Gln levels was not evaluated \[[@B37-nutrients-11-02092]\]. Multiple mechanisms may also underlie the ability of Glu to confer adverse metabolic risk. Glu has been demonstrated to stimulate glucagon release from pancreatic α-cells, which leads to the mobilization of glucose from peripheral tissues to the circulation \[[@B38-nutrients-11-02092]\]. In addition, Glu increases the transamination of pyruvate to alanine, a strong promoter of gluconeogenesis that is elevated in obesity \[[@B21-nutrients-11-02092]\]. Furthermore, Glu is converted to α-ketoglutarate, an established anabolic agent \[[@B39-nutrients-11-02092]\]. Intriguingly, blocking Glu production by targeting hepatic GLS2 activity ameliorates hyperglycemia in both humans and mice, suggesting a possible new therapeutic avenue to treat hyperglycemia. Moreover, inhibiting α-ketoglutarate formation by deleting hepatic Glu dehydrogenase activity blocks gluconeogenesis in mice \[[@B40-nutrients-11-02092]\], further highlighting the importance of glutaminolysis in glucose homeostasis.

Finally, a prospective study of older patients with high cardiovascular risk found that baseline levels of circulating Glu are related to increased cardiovascular events (non-fatal stroke, non-fatal myocardial infarction, or cardiovascular death) while the plasma Gln:Glu ratio is related to decreased risk, especially with regard to stroke \[[@B41-nutrients-11-02092]\]. In addition, a genome-wide association study identified a genetic variant associated with diminished GS expression, which may lead to a Gln deficiency, to the development of coronary artery disease in type 2 diabetes \[[@B42-nutrients-11-02092]\]. Interestingly, small clinical trials indicate that Gln supplementation enhances myocardial repair in patients with coronary artery disease and limits cardiac damage after coronary revascularization \[[@B43-nutrients-11-02092],[@B44-nutrients-11-02092],[@B45-nutrients-11-02092]\]. Moreover, a prospective study in two large, well-defined and independent cohorts showed that dietary intake of Gln and the plasma Gln:Glu ratio were inversely related to the risk of cardiovascular mortality, independent of other dietary or lifestyle factors \[[@B46-nutrients-11-02092]\]. Together, these studies illustrate a key protective role for Gln against cardiovascular disease.

4. [l]{.smallcaps}-Glutamine and Endothelial Cell Function {#sec4-nutrients-11-02092}
==========================================================

The vascular endothelium forms the inner layer of blood vessels and is a crucial regulator of blood vessel structure and function. ECs dynamically modulate vascular permeability, arterial tone, the proliferation and migration of SMCs, thrombosis, and the recruitment and infiltration of leukocytes into the vessel wall by releasing a panoply of mediators, with NO being of paramount importance \[[@B47-nutrients-11-02092]\]. The dysfunction or loss of ECs is a well-established response to cardiovascular risk factors that precedes the development of atherosclerosis and other cardiovascular disorders. Recent work by our laboratory and others has established a central role for Gln in promoting EC function \[[@B48-nutrients-11-02092],[@B49-nutrients-11-02092],[@B50-nutrients-11-02092]\]. We found that human EC proliferation and DNA synthesis are absent, and migration significantly curtailed in cells cultured in Gln-free media. Similarly, inhibiting GLS1 expression or activity blocks the proliferation and migration of ECs. This is observed in ECs derived from various species and vascular sources, and likely represents a generalized response to GLS1. We also determined that GLS1 stimulates EC proliferation and motility by fueling the Krebs cycle, which fulfills the necessary energetic and macromolecular requirements of growing and moving cells. Furthermore, the selective loss of GLS1 in ECs mitigates their proliferative response in vivo and results in impaired vessel sprouting in animal models of angiogenesis, supporting a pivotal role for this enzyme in blood vessel formation \[[@B49-nutrients-11-02092],[@B50-nutrients-11-02092]\]. Interestingly, loss of endothelial GS expression or pharmacological blockade of GS also retards EC migration, but not proliferation, and angiogenesis in pathological mouse models, while only minimally affecting healthy adult quiescent ECs. However, these actions of GS are independent of Gln synthesis and are mediated by the palmitoylation of ras homolog family member J \[[@B51-nutrients-11-02092]\]. Thus, GS may represent a disease-restricted target for the therapeutic treatment of angiogenesis in various pathological states.

The metabolism of Gln by GLS1 also prevents EC senescence, while Gln plays a critical role in EC redox homeostasis by generating glutathione \[[@B48-nutrients-11-02092],[@B49-nutrients-11-02092],[@B50-nutrients-11-02092],[@B51-nutrients-11-02092],[@B52-nutrients-11-02092]\]. In addition, glutaminolysis is essential for energy production and ion transport in human corneal endothelium \[[@B53-nutrients-11-02092]\]. Gln also protects ECs against various harmful stimuli, including oxidative stress, hypertonicity, infection, and hyperglycemia \[[@B54-nutrients-11-02092],[@B55-nutrients-11-02092],[@B56-nutrients-11-02092],[@B57-nutrients-11-02092]\]. In contrast, Glu induces oxidative stress and apoptosis in ECs \[[@B58-nutrients-11-02092]\]. Furthermore, physiologic levels of Gln reduces the expression of adhesion molecules and migration of leukocytes in ECs activated by preeclamptic plasma or arsenic \[[@B59-nutrients-11-02092],[@B60-nutrients-11-02092]\]. Moreover, Gln supplementation enhances endothelial progenitor cell mobilization in diabetic and septic mice \[[@B61-nutrients-11-02092],[@B62-nutrients-11-02092]\], and promotes endothelium-dependent dilation in humans and mice \[[@B63-nutrients-11-02092],[@B64-nutrients-11-02092]\]. The latter findings are somewhat surprising given that several reports show that Gln inhibits the production of NO by cultured ECs \[[@B65-nutrients-11-02092],[@B66-nutrients-11-02092]\]. This inhibitory effect is mediated by the metabolism of Gln by GFAT to glucosamine, which inhibits pentose cycle activity and reduces NADPH concentrations that are required for NOS activity \[[@B67-nutrients-11-02092]\]. However, administration of Gln to freshly isolated blood vessels increases NO synthesis. These discordant findings may reflect the much lower activity of GFAT in freshly isolated compared to cultured ECs, which may be insufficient to compromise NADPH levels \[[@B68-nutrients-11-02092]\]. Additionally, the in vivo administration of Gln may drive NO production by delivering additional substrate ([l]{.smallcaps}-arginine) to NOS \[[@B15-nutrients-11-02092]\].

ECs possess abundant GLS1 activity resulting in high rates of NH~3~ synthesis \[[@B48-nutrients-11-02092],[@B69-nutrients-11-02092],[@B70-nutrients-11-02092]\]. Although long considered a potentially toxic product of GLS1, we recently identified NH~3~ as a novel signaling gas in the vasculature that promotes EC survival \[[@B71-nutrients-11-02092]\]. Exogenously administered or Gln-derived NH~3~ stimulates the expression of the enzyme heme oxygenase-1 (HO-1) in human ECs ([Figure 2](#nutrients-11-02092-f002){ref-type="fig"}). In addition, dietary supplementation of NH~3~ induces the expression of HO-1 in murine blood vessels. HO-1 is an important enzyme that degrades heme into equimolar amounts of carbon monoxide (CO), iron, and biliverdin \[[@B72-nutrients-11-02092],[@B73-nutrients-11-02092],[@B74-nutrients-11-02092]\]. Biliverdin is promptly metabolized to bilirubin by biliverdin reductase. Both bile pigments (biliverdin and bilirubin) are potent scavengers of reactive oxygen species while CO directly dilates blood vessels and inhibits vascular cell apoptosis. CO and the bile pigments also exert anti-inflammatory effects and block the proliferation and migration of vascular SMCs \[[@B75-nutrients-11-02092],[@B76-nutrients-11-02092]\].

The induction of HO-1 gene transcription by NH~3~ occurs through the activation of the NF-E2-related factor-2 transcription factor by mitochondrial reactive oxygen species. Moreover, we discovered that NH~3~ protects against cytokine-mediated EC death via the HO-1 mediated production of CO. These findings establish NH~3~ as a novel regulator of EC survival and identify a unique signaling pathway by which Gln preserves vascular health. Consistent with these findings, NH~3~ also protects against the lethal actions of tumor necrosis factor-α in renal epithelial cells and improves survival of Gln-starved hybridoma cells, indicating that the cytoprotective action of NH~3~ extends beyond ECs \[[@B77-nutrients-11-02092],[@B78-nutrients-11-02092]\]. Moreover, by inducing the expression of HO-1, NH~3~ may also inhibit arterial tone, oxidative stress, inflammation, and the activation of vascular SMCs.

5. [l]{.smallcaps}-Glutamine and Pulmonary Arterial Hypertension {#sec5-nutrients-11-02092}
================================================================

Pulmonary arterial hypertension (PAH) is a progressive, often fatal condition that is predominantly driven by the hyperproliferation and migration of vascular cells that results in the formation of lumen-obliterative pulmonary vascular lesions \[[@B79-nutrients-11-02092],[@B80-nutrients-11-02092]\]. This aberrant vascular remodeling response that is accompanied by fibrosis and vasoconstriction leads to increased pulmonary arterial pressure and ultimately to right ventricular cardiac failure and premature death. PAH is triggered by exogenous injuries, such as hypoxia, infections, drugs, and toxins, as well as congenital heart disease and a growing number of mutations, including those in the bone morphogenic protein receptor 2 (BMPR2) gene.

While metabolic reprogramming and mitochondrial dysfunction are known to contribute to the cellular hallmarks of PAH, the importance of Gln metabolism is just beginning to emerge. Extracellular matrix stiffness, which is an early pathologic event in PAH, stimulates the proliferation of pulmonary ECs and SMCs due to the induction of GLS1 by the two transcriptional co-activators Yes Associate Protein 1 (YAP) and Transcriptional Coactivator with PDZ-Binding Motif (TAZ) \[[@B12-nutrients-11-02092]\]. GLS1 expression is increased in pulmonary arterioles of the rat monocrotaline model of PAH, and Gln measured in isolated pulmonary ECs is decreased, suggestive of anaplerotic flux through the Krebs cycle. The increase in glutaminolysis in PAH also promotes fibrosis by stimulating collagen translation and stability via the α-ketoglutarate-mediated mammalian target of rapamycin activation and proline hydroxylation \[[@B81-nutrients-11-02092]\], sparking a vicious cycle of arterial stiffening, glutaminolysis, and hyperproliferation. Pharmacological inhibition GLS1 activity disrupts this cycle and reduces arterial remodeling and PAH in monocrotaline-treated rats. A similar increase in GLS1 expression or glutaminolysis is observed in rhesus macaques with simian-immunodeficiency virus-associated PAH or in lung samples from patients with human-immunodeficiency virus-mediated PAH. The rewiring of Gln metabolism may also contribute to the maladaptive cardiac remodeling response in PAH, as increases in glutaminolysis have been detected in the right ventricle of both monocrotaline-treated rats and human PAH patients \[[@B82-nutrients-11-02092]\].

More recently, PAH patients with abnormal BMPR2 function were found to display a substantial decline in Gln across the transplumonary gradient compared with control subjects, suggesting that mutations in these receptors may impact Gln metabolism \[[@B83-nutrients-11-02092]\]. Indeed, ECs or transgenic mice harboring PAH-causing mutations exhibit substantially more Gln-derived carbon throughout the Krebs cycle than wild-type controls. Moreover, BMPR2 mutant ECs display a hyperproliferative phenotype but are completely intolerant of Gln-limiting conditions. Mechanistically, this Gln-addiction is propelled downstream from BMPR2 by oxidant injury of the mitochondria leading to the formation of isoketals which inactivate sirtuin-3 and stabilize hypoxia inducible factor-1α. Moreover, scavenging isoketals normalizes Gln metabolism and prevents PAH in BMPR2 mutant mice. Thus, therapeutic targeting of Gln metabolism represents a promising new approach in treating various forms of PAH.

6. [l]{.smallcaps}-Glutamine and other Cardiovascular Disorders {#sec6-nutrients-11-02092}
===============================================================

Numerous studies demonstrate that Gln affords protection against ischemia-reperfusion injury. Dietary Gln supplementation in rodents ameliorates ischemia-reperfusion injury in multiple organs, including the small intestine, brain, liver, skeletal muscle, kidney, and heart \[[@B84-nutrients-11-02092],[@B85-nutrients-11-02092],[@B86-nutrients-11-02092],[@B87-nutrients-11-02092],[@B88-nutrients-11-02092],[@B89-nutrients-11-02092],[@B90-nutrients-11-02092]\]. Gln elicits many beneficial effects in the setting of ischemia-reperfusion. It reduces oxidative and nitrosative stress and minimizes inflammation by blocking inflammatory mediator release, adhesion molecule expression, the recruitment and infiltration of immune cells into the organ and increases the percentage of alternatively activated macrophages (M2) that support the resolution of inflammation \[[@B86-nutrients-11-02092],[@B87-nutrients-11-02092],[@B89-nutrients-11-02092],[@B91-nutrients-11-02092]\]. In addition, Gln inhibits lipid peroxidation, necrosis, and apoptosis following ischemia-reperfusion \[[@B85-nutrients-11-02092],[@B88-nutrients-11-02092],[@B92-nutrients-11-02092],[@B93-nutrients-11-02092]\]. The molecular mechanisms by which Gln preserves organ viability and function are varied involving the induction of HO-1 and heat shock proteins and the maintenance of glutathione levels \[[@B84-nutrients-11-02092],[@B85-nutrients-11-02092],[@B88-nutrients-11-02092],[@B94-nutrients-11-02092],[@B95-nutrients-11-02092],[@B96-nutrients-11-02092]\].

Reduced concentrations of plasma and erythrocyte Gln have been reported in patients with sickle cell disease \[[@B97-nutrients-11-02092]\]. The low erythrocyte Gln levels in these patients are associated with an altered redox environment that may compromise cell integrity \[[@B97-nutrients-11-02092],[@B98-nutrients-11-02092]\]. In addition, the Gln:Glu ratio in erythrocytes is inversely correlated with the severity of pulmonary hypertension in patients with sickle cell disease, a complication linked to hemolytic rate. Importantly, oral administration of Gln in patients improves the redox status of sickle red blood cells and reduces their adhesion to human ECs \[[@B98-nutrients-11-02092]\]. Moreover, a phase 3 clinical trial found that oral intake of Gln reduces the median number of pain crises in patients with sickle cell disease compared to those who received placebo \[[@B99-nutrients-11-02092]\]. Based on this trial, the United States Food and Drug Administration approved pharmaceutical grade Gln as a prescription drug to reduce the rate of acute complications of sickle cell disease. Finally, Gln may also afford protection against myocardial injury. Oral administration of Gln in animals protects against cardiac injury by antineoplastic agents, severe burn damage, and diabetes, in part, by limiting oxidative stress through maintenance of cardiac glutathione metabolism \[[@B100-nutrients-11-02092],[@B101-nutrients-11-02092],[@B102-nutrients-11-02092],[@B103-nutrients-11-02092]\]. In addition, Gln supplementation may be beneficial in patients with heart failure \[[@B104-nutrients-11-02092],[@B105-nutrients-11-02092]\].

7. Therapeutic Targeting of [l]{.smallcaps}-Glutamine in Cardiovascular Disease {#sec7-nutrients-11-02092}
===============================================================================

There is a growing appreciation for the role of Gln in the cardiovascular system. Gln is a key substrate for the synthesis of DNA, ATP, proteins, and lipids, that drive critical processes in vascular cells, including proliferation, migration, apoptosis, senescence, and extracellular matrix deposition. Moreover, emerging data indicates that Gln elicits both beneficial and detrimental effects on cardiovascular health ([Figure 3](#nutrients-11-02092-f003){ref-type="fig"}). Several mechanisms underlie the salutary actions of Gln. In particular, Gln and its metabolites exert potent antioxidant, anti-inflammatory, and anti-apoptotic effects in the circulation by stimulating the induction of HO-1 and heat shock proteins, and the production of glutathione. By serving as an [l]{.smallcaps}-arginine precursor, Gln may also preserve vascular homeostasis by improving blood flow and blood fluidity via the synthesis of NO. Importantly, Gln alleviates many known risk factors for cardiovascular disease, such as dyslipidemia, glucose intolerance, insulin resistance, hypertension, and obesity. However, the rewiring of Gln metabolism can also promote the development of cardiovascular disease by fueling the Krebs cycle and stimulating the unrestrained growth and migration of vascular cells and the deposition of extracellular matrix.

Clinical and experimental studies have identified deficiencies in circulating levels of Gln in cardiometabolic disease, hemolytic disorders, and other conditions of stress \[[@B9-nutrients-11-02092],[@B10-nutrients-11-02092],[@B11-nutrients-11-02092]\]. In these instances, dietary supplementation of Gln has proven effective and is now prescribed in patients with sickle cell disease. Gln is usually administered using its free form but more stable dipeptide forms, consisting of [l]{.smallcaps}-glycyl-[l]{.smallcaps}-glutamine, [l]{.smallcaps}-arginyl-[l]{.smallcaps}-glutamine, and [l]{.smallcaps}-alanyl-[l]{.smallcaps}-glutamine have also been utilized. Pharmacokinetic studies indicate that 50--75% of orally administered Gln is extracted by the splanchnic bed in healthy humans \[[@B106-nutrients-11-02092],[@B107-nutrients-11-02092],[@B108-nutrients-11-02092]\]. Despite this extensive extraction, enteral administration of Gln is effective in raising blood levels of Gln in a dose-related manner. Studies in animals and humans have demonstrated increases in circulating Gln between 30 and 120 min following oral supplementation of free Gln or [l]{.smallcaps}-alanyl-glutamine \[[@B106-nutrients-11-02092],[@B107-nutrients-11-02092],[@B108-nutrients-11-02092],[@B109-nutrients-11-02092],[@B110-nutrients-11-02092]\]. Interestingly, the bioavailability of [l]{.smallcaps}-alanyl-glutamine may be superior to that of free Gln, and this may reflect the expression of the high capacity human oligopeptide transporter 1 in luminal microvilli of enterocytes which facilitates the uptake of the dipeptide \[[@B111-nutrients-11-02092]\]. The use of [l]{.smallcaps}-arginyl-[l]{.smallcaps}-glutamine is particularly attractive in cardiometabolic and sickle cell disease as deficiencies in both Gln and [l]{.smallcaps}-arginine have been detected \[[@B112-nutrients-11-02092],[@B113-nutrients-11-02092],[@B114-nutrients-11-02092]\]. While a multitude of studies have documented the safety of Gln supplementation, caution must be exercised when using this amino acid in critically ill patients \[[@B115-nutrients-11-02092],[@B116-nutrients-11-02092]\]. As an alternative approach, specific metabolites of Gln with known beneficial effects may be administered rather than the parent molecule. In this regard, the judicious application of NH~3~ should be considered given its ability to stimulate HO-1 gene expression and EC survival, as well as the salutary effects on the cardiovascular system noted with the delivery of other potentially noxious gases, including CO and hydrogen sulfide \[[@B117-nutrients-11-02092],[@B118-nutrients-11-02092],[@B119-nutrients-11-02092],[@B120-nutrients-11-02092]\].

In some cases, the excessive shunting of Gln to the Krebs cycle may foster cardiovascular disease. Enhanced glutaminolysis contributes to vascular cell proliferation, migration, and collagen synthesis leading to the development of aberrant angiogenic responses and PAH. Several therapeutic strategies may be employed to block glutaminolysis. GLS1 is an especially attractive target given the emergence of several small molecule allosteric inhibitors \[[@B121-nutrients-11-02092]\]. Most promising is CB-839, an orally available drug and a potent GLS1 inhibitor that has been proven safe and efficacious in blocking tumor growth in preclinical studies and is currently undergoing clinical trials against a battery of cancers \[[@B122-nutrients-11-02092]\]. Aside from targeting GLS1, the directing of Glu to the Krebs cycle by Glu dehydrogenase or amino acid transaminase should be considered. Pharmacological inhibition of Glu dehydrogenase by epigallocatechin gallate and R162 or amino acid transaminase by aminooxyacetate inhibits tumor growth by disrupting the anaplerotic use of Gln in the Krebs cycle and may prove useful in vascular hyperproliferative disorders \[[@B123-nutrients-11-02092],[@B124-nutrients-11-02092]\]. Alternatively, the blockade of GS by [l]{.smallcaps}-methionine sulfoximine inhibits angiogenesis in animal models of blinding eye and psoriatic skin diseases, meriting further investigation of GS targeting in pathological angiogenesis \[[@B51-nutrients-11-02092]\]. Thus, the metabolism of Gln offers multiple unique opportunities for therapeutic intervention.

8. Conclusions and Perspectives {#sec8-nutrients-11-02092}
===============================

Amino acid therapy for cardiovascular disease represents a promising area of investigation and clinical application. While most of the research has focused on [l]{.smallcaps}-arginine, evolving studies have implicated a decrease in Gln bioavailability and an increase in glutaminolysis with the development of cardiovascular disease. A decrease in circulating Gln is observed in patients with cardiometabolic and sickle cell disease, which are improved by enteral administration of Gln. However, more detailed pharmacokinetic studies are needed to establish optimal dosage regimens in these disorders. In addition, Gln supplementation must be carefully evaluated in patients with elevated glutaminolysis as Gln may be directed towards harmful metabolic pathways that worsen cardiovascular health. In these instances, pharmacological targeting of glutaminolytic enzymes provides a promising strategy in mitigating cardiovascular disease. Future translational studies utilizing Gln delivery approaches and/or glutaminolysis inhibitors will ultimately determine the success of targeting Gln in cardiovascular disease.
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![Overview of [l]{.smallcaps}-glutamine (Gln) transport and metabolism. Gln is transported into cells by various transporters and preferentially metabolized to [l]{.smallcaps}-glutamate (Glu) and ammonia (NH~3~) by the mitochondrial enzyme glutaminase (GLS). In contrast, the enzyme glutamine synthetase (GS) condenses NH~3~ to Glu to form Gln while the enzyme glutamine:fructose-6-phosphate amidotransferase (GFAT) transfers Gln's amino group to fructose-6-phosphate to generate glucosamine-6-phosphate. Gln and Glu can be converted to a number of important molecules, including amino acids, fatty acids, nucleotides, adenosine triphosphate (ATP), glutathione, and Krebs cycle intermediates. Asn, asparagine; ASNS, asparagine synthetase; Asp, aspartate; ASS, argininosuccinate synthetase; ASL, argininosuccinate lyase; Cit, citrate; GLUD, glutamate dehydrogenase; αKG, α-ketoglutarate; Mal, malate; ME, malic enzyme; mTOR, mammalian target of rapamycin; NEAA, nonessential amino acids; NO, nitric oxide; OAA, oxaloacetate; Pyr, pyruvate; TAs, transaminases.](nutrients-11-02092-g001){#nutrients-11-02092-f001}

![Role of [l]{.smallcaps}-glutamine (Gln)-derived ammonia (NH~3~) in stimulating endothelial cell heme oxygenase-1 (HO-1) gene expression and maintaining vascular homeostasis. Gln is metabolized by glutaminase-1 (GLS1) to form the gas NH~3~. NH~3~ stimulates the production of mitochondrial reactive oxygen species (ROS) which causes the activation and translocation of NF-E2-related factor-2 transcription factor (Nrf2) into the nucleus, where it binds to the antioxidant responsive element (ARE) in the promoter region of the gene to trigger HO-1 transcription. HO-1 catalyzes the conversion of heme to carbon monoxide (CO) and biliverdin, the latter being rapidly metabolized to bilirubin by biliverdin reductase (BR). CO and the bile pigments (biliverdin and bilirubin) promote vascular homeostasis by inhibiting apoptosis, oxidative stress, inflammation, arterial tone, and vascular smooth muscle cell (SMC) proliferation and migration.](nutrients-11-02092-g002){#nutrients-11-02092-f002}

![Emerging role of [l]{.smallcaps}-glutamine (Gln) in cardiovascular health and disease. Multiple mechanisms mediate the beneficial actions of Gln. In particular, Gln exerts potent antioxidant, anti-inflammatory, and anti-apoptotic effects in the circulation by stimulating the expression of glutathione, heat shock proteins, and heme oxygenase-1. In addition, [l]{.smallcaps}-glutamine stimulates blood flow and fluidity by generating nitric oxide. Moreover, Gln alleviates many known risk factors for cardiovascular disease, including dyslipidemia, glucose intolerance, insulin resistance, hypertension, and obesity. However, in some instances, excessive shunting of [l]{.smallcaps}-glutamine into the Krebs cycle can promote cardiovascular disease by stimulating aberrant vascular cell proliferation, migration, and collagen synthesis.](nutrients-11-02092-g003){#nutrients-11-02092-f003}
